Behavioral, structural, and functional neuroimaging have implicated the hippocampus as a critical brain region in PTSD pathogenesis. We conducted a GWAS of hippocampal subfield volumes in a sample of recent military veteran trauma survivors (n=157), including some with PTSD (n=66). Covariates in our analysis included lifetime PTSD diagnosis, sex, intracranial volume, genomic estimates of ancestry, and childhood trauma. Interactions between genetic variants and lifetime PTSD or childhood trauma were interrogated for SNPs with significant main effects. Several genetic associations surpassed correction for multiple testing for several hippocampal subfields, including fimbria, subiculum, cornu ammonis-1(CA1), and hippocampal amygdala transition area (HATA). One association replicated in an independent cohort of civilians with PTSD (rs12880795 in TUNAR with L-HATA volume, p=3.43 x 10 -7 in the discovery and p=0.0004 in the replication cohort). However, the most significant association in the discovery data set was between rs6906714 in LINC02571 and R-fimbria volume (p=5.99 x 10 -8 , q=0.0056). Interestingly, the effect of rs6906714 on Rfimbria volume increased with childhood trauma (G*E interaction p=0.022). In addition to variants in long intergenic non-coding RNAs (lincRNAs), we identified SNPs associated with hippocampal subfield volume, which are also quantitative trait loci (QTLs) for genes involved in RNA editing of glutamate receptor subunits (GluRs), oxidative stress, and autoimmune disorders. Genomic regions, some with putative regulatory roles, influence the volume of hippocampal subfields. Neuroimaging phenotypes may offer important insight into the genetic architecture and neurobiological pathways relevant to PTSD, as well as in the identification of potential biomarkers and drug targets for PTSD.
SNPs with significant main effects. Several genetic associations surpassed correction for multiple testing for several hippocampal subfields, including fimbria, subiculum, cornu ammonis-1(CA1), and hippocampal amygdala transition area (HATA). One association replicated in an independent cohort of civilians with PTSD (rs12880795 in TUNAR with L-HATA volume, p=3. 43 x 10 -7 in the discovery and p=0.0004 in the replication cohort). However, the most significant association in the discovery data set was between rs6906714 in LINC02571 and R-fimbria volume (p=5.99 x 10 -8 , q=0.0056). Interestingly, the effect of rs6906714 on Rfimbria volume increased with childhood trauma (G*E interaction p=0.022). In addition to variants in long intergenic non-coding RNAs (lincRNAs), we identified SNPs associated with hippocampal subfield volume, which are also quantitative trait loci (QTLs) for genes involved in RNA editing of glutamate receptor subunits (GluRs), oxidative stress, and autoimmune disorders. Genomic regions, some with putative regulatory roles, influence the volume of hippocampal subfields. Neuroimaging phenotypes may offer important insight into the genetic architecture and neurobiological pathways relevant to PTSD, as well as in the identification of potential biomarkers and drug targets for PTSD.
INTRODUCTION
Posttraumatic stress disorder (PTSD), which affects about 8% of the US population, can develop following exposure to trauma and manifests with the hallmark symptoms of hyperarousal, re-experiencing, and avoidance. Importantly, deficits in memory, including declarative memory, fragmented autobiographical or trauma-related memories and amnesia about the details of trauma have been demonstrated in PTSD (1) . The hippocampus has long been implicated in PTSD because of its role in memory formation and retrieval (2) , as well as the observation of lower hippocampal volume in individuals with PTSD (3, 4) . It is unclear whether lower hippocampal volume is a consequence of developing PTSD or occurs as the result of heretofore unknown genetic or biological vulnerabilities to developing PTSD. The genetic modulators of hippocampal volume have been established in non-clinical populations with genome wide association studies(GWAS) (5) (6) (7) . While the SNP-based heritability for hippocampal subfields is modest in normative samples(h 2 = 0.14 to 0.27), the specific genetic loci associated with hippocampal subfield volume in PTSD have not been investigated.
There are several advantages to the exploration of neuroimaging phenotypes over diagnostic phenotypes, which consist of a constellation of symptoms or behaviors. The first advantage is the enhanced accuracy of imaging phenotypes over a subjectively assessed diagnostic phenotype. This may eliminate a significant component of noise from the overall model. Second, the imaging phenotype is likely to be closer to the action of genes than the diagnostic phenotype, which is determined by a compilation of several structural and functional components. A frequent rationale for imaging genetics studies compared to diagnostic phenotypes has been larger effect sizes, but this not been borne out by data thus far. Nonetheless, twin-based heritability estimates of 30-35% obtained from GWAS of PTSD (8) are dramatically smaller than the twin-based heritability estimates of hippocampal subfields(56% for hippocampal fissure; 67% for the hippocampal amygdala transition area(HATA); 84% for CA1) (9) . The SNP heritability estimates of PTSD in females is 29%, but could not be distinguished from zero in males (10) .
Subfields of the hippocampus are involved in discrete aspects of memory encoding and consolidation. For example, the dentate gyrus(DG) is important in pattern separation, a process where salient features of memories are contrasted in order to distinguish similar but discrete events (11, 12) . By contrast, the entorhinal cortex(EC) and cornu ammonis subfield-3(CA3) are crucial to pattern completion, which involves recognizing overlapping features of events. Pattern completion is a widely-investigated model of PTSD given its important implication in contextual fear conditioning (13, 14) . Preclinical animal models show that CA1 is involved in context-specific memory retrieval following extinction (15) . As such, the CA1 hippocampal subfield has been implicated strongly in conditioned fear and its extinction (16) . The deficits in episodic memory, contextual memory, and extinction failure suggest that CA1, CA3, and dentate subfields may play a role in developing PTSD (17) .
Two GWAS from the ENIGMA Consortium have examined effects on overall hippocampal volume with significant results at the genome-wide level. Stein et al (7) 
METHODS

Participants and Clinical Measures
MRI acquisition in discovery sample
Discovery sample: Images were acquired on a General Electric 3-Tesla Signa EXCITE scanner equipped with an 8-channel head coil. High-resolution T1-weighted whole-brain images using 3D-FSPGR were acquired axially(TR/TE/flip angle=7.484 ms/2.984 ms/12°, FOV=256 mm, 1-mm slice thickness, 166 slices, 1-mm 3 voxel size, 1 excitation).
Replication sample: Scanning took place on a 3.0 T Siemens Trio with echo-planar imaging. High-resolution T1-weighted whole-brain anatomical scans were collected using a 3D MP-RAGE sequence, with 176 contiguous 1-mm sagittal slices(TR/TE/TI = 2000/3.02/900 ms, 1-mm 3 voxel size).
Hippocampal Subfield Volume Analysis
Identical procedures were applied to the discovery and replication sample to perform automated hippocampal subfield segmentation using FreeSurfer 6.0.0, which were previously reported in detail (17) and partially recapitulated in the Supplementary Materials.
Quality Control
Identical visual inspection procedures were applied to all T1 images from the discovery(RAM, CCH) and replication cohorts(JSS, SVR) for quality assurance purposes. We applied quality assurance for hippocampal subfield segmentations using ENIGMA-PTSD protocols reported in (17) . All participants passed both rounds of quality control.
Genotyping
Discovery Sample: GWAS data were generated as part of a larger parent study of 2,312 PTSD cases and controls, as previously described (19) and recapitulated in the Supplementary Materials.
Replication sample: Saliva collected in Oragene vials underwent DNA extraction followed by genotyping on Illumina platforms and QC measures with PLINK. Levels of heterozygosity, devioation from Hardy-Weinberg, screening for relatedness, and low call rates were part of QC(Supplementary Materials).
Statistical Analysis
Principal components analysis(PCA) was run using the smartpca program from the software package EIGENSOFT (20) to assess population stratification in the discovery sample. One principal component was necessary to account for the population variability observed in this subset of individuals, essentially distinguishing the NHB from the NHW subjects. Linear regression was utilized using PLINK (21) of 0.25 and a 500kb window, as reported previously (22) . False discovery rate(FDR) q-values were generated using PROC MULTTEST in SAS version 9.4. The FDR correction was applied only across SNPs but not across the 12 hippocampal subfields and two hemispheres because the inherent correlation between subfield volumes would lead to overly conservative inferences. The lack of correction for the number of subfields yields somewhat permissive inferences in this initial exploration which motivated the identification of an independent replication data set. Post-hoc interaction analyses were performed only for the SNPs with significant main effects. SNP*childhood trauma and SNP*lifetime PTSD interactions were investigated for associations with subfield volumes. . Manhattan plots and Q-Q plots were produced using the R package qqman (23) and interaction plots were generated using the R package ggplot2 (24) .
In the replication dataset, PLINK was used to prune the autosomal data in windows of 50 bp, removing 1 SNP from each pair of SNPs with r 2 >0.05 to obtain a set of roughly independent markers(~50 000 SNPs) for use in PCA. Subjects who fell within 3 standard deviations of the medians of the first and second PCs were retained.
Linear regression was performed in the replication sample using the same software and model described above for the discovery cohort.
RESULTS
Important clinical and sociodemographic information by cohort is reported in Table 1 . Compared to the discovery cohort, the replication cohort comprises a higher percentage of females(p<0.0001), AfricanAmericans(p<0.0001), subjects reporting alcohol misuse(p=0.0379), and lifetime PTSD(p=0.0032). Average age and distribution of childhood trauma did not significantly differ between the two cohorts.
We identified several SNPs associated with different hippocampal subfield volumes that survived correction for multiple testing( Table 2 ) in the discovery cohort. The most significant associations(q<0.01) involved R-fimbria volume (Figure 1) . The SNP rs6906714, located in LINC02571 on chromosome 6 (Supplementary Figure 1) , was associated with R-fimbria volume(p=5.99 x 10 -8 , q=0.0056), such that for each additional G allele, Rfimbria volume increased by 15.73 mm 3 . An intergenic SNP, rs17012755 on chromosome 2, was also associated with R-fimbria volume(p=6.05 x 10 -8 , q=0.0056). Each additional copy of the A allele increased Rfimbria volume by 22.01 mm 3 . In addition to the main effects, we also identified an interaction between rs6906714 and childhood trauma affecting R-fimbria volume(p=0.022, Figure 2 Aside from the significant interaction described above between rs6906714 and childhood trauma on R-fimbria volume, no other SNP displaying a significant main effect demonstrated a significant interaction with either childhood trauma or lifetime PTSD diagnosis and hippocampal subfield volume in the discovery cohort.
The ten significant main effects identified in the discovery cohort(q<0.05) were tested for significance in the replication cohort. Despite significant differences in the composition of discovery and replication cohorts( Table   1) , we observed an association between rs12880795 genotype and L-HATA volume(p=0.0004) in the replication cohort. No other main effect of SNP on hippocampal subfield volume observed in the discovery cohort was replicated. However, we did detect a significant interaction between rs6906714 and lifetime PTSD on R-fimbria volume in the replication cohort(p=0.0421; Figure 2) . Similarly, while we found no main effect of rs17012755 on R-fimbria volume in the discovery cohort, we observed a significant interaction between rs17012755 and lifetime PTSD on R-fimbria volume in the replication cohort(p=0.0219; Figure 3 ).
DISCUSSION
We performed high-density GWAS of hippocampal subfields segmented by FreeSurfer 6.0 in trauma-exposed individuals with and without PTSD in a discovery sample of US military veterans and a replication sample of highly traumatized civilians. Several genetic markers reached genome wide significance for specific hippocampal subfields. Two SNPs that were involved in three genome-wide significant associations lie within genes(rs73008928 in ARMC6 and rs7196581 in RBBP6). The SNP rs73008928 is particularly interesting as it has been identified as a methylation quantitative trait locus(QTL) and as an expression QTL, according to the ARIES(25) and GTEx databases(www.gtexportal.org)(26), respectively. Specifically, rs73008928 was found to be a trans-QTL for methylation probe cg08284873 in ADARB2 using a sample of middle-aged individuals (Table S1 ) (27) . RNA-editing deaminase-2(ADARB2) belongs to a family of genes whose other members edit RNAs encoding GluRs in the rat hippocampus (28) . While not directly involved in RNA editing activity, ADARB2 has been shown to inhibit activity of the other members of this gene family, suggesting that it plays a regulatory role in RNA editing (29) . In addition to being a methylation QTL, rs73008928 is an expression QTL for SUGP2 in several tissues, as well as for TMEM161A and SLC25A42 in single tissues (Table S2) . SUGP2 is a splicing factor involved in pre-mRNA processing mechanisms(30);
TMEM161A, when overexpressed, plays a role in protection against oxidative stress(31); and SLC25A42
belongs to a large family of nuclear-encoded transporters that are involved in metabolic pathways and cell functions and is widely expressed in the central nervous system (32, 33) . In summary, we have identified a SNP associated with R-HATA volume that also appears to impact RNA editing of GluRs and regulate expression of a gene involved in oxidative stress; both are processes which have been previously implicated in the pathophysiology of PTSD(34-36).
The other genome-wide significant SNP associated with hippocampal subfield volume is rs7196581 located in the RBBP6 gene. This SNP was significantly associated with both L-CA1 volume and R-HATA volume. It falls within the promoter region of RBBP6 and coincides with H3K27ac modification sites in several cell types, inclusive of neuronal progenitors, suggesting that this SNP functions as an enhancer(37). The CA1 has direct reciprocal projections to the medial prefrontal cortex(mPFC) that allow these regions to form a functional loop.
This circuit enables interactions between cortical and subcortical areas during memory encoding and retrieval of episodic-like memories (38) . Neurons in hippocampal CA1 code both space and time, allowing conjoint spatial and temporal representations of experiences (39) . The critical role of these subfields in episodic memories makes them of particular interest in PTSD. Despite substantial research on purported episodic memory deficits in PTSD, which would implicate the functional loop, the evidence has been inconclusive (40) .
Severity of PTSD is negatively associated with mPFC activation elicited by material that participants have subsequently forgotten (41) . Veterans with PTSD have lower activation in the hippocampus and amygdala when successfully encoding trauma-related stimuli into memory (42) . Therefore, the present results that show an association of genetic markers with CA1 volume, but no interaction with PTSD diagnosis, may help build the current body of relevant knowledge.
All of the other SNPs associated with hippocampal subfields in this study were intergenic, indicating there may be some underlying regulatory genomic mechanism driving the statistical associations that we observed. Of interest, three significant SNPs reside in lincRNAs (rs6906714 in LINC02571, rs12880795 in TUNAR, and rs3811492 in LINC01736), which comprise the largest proportion of long non-coding RNAs(lnRNAs) in the human genome (43) . While lncRNAs do not encode proteins, they and other non-coding RNAs, such as microRNAs(miRNAs), have been implicated in several neuropsychiatric disorders including PTSD (44) (45) (46) (47) . lncRNAs have also been associated with changes in gene expression in animal models of PTSD. For example, lncRNAs were differentially expressed in the hippocampus of rats exposed to stress-enhanced fear learning compared to control rats (48) . In addition, RNA sequencing of mPFC in adult mice revealed changes in lncRNA expression after fear conditioning (49) . The association we observed between rs12880795 in TUNAR and L-HATA volume was significantly replicated in the Grady Trauma Project cohort, providing additional confidence in this finding. These data suggest that the role of ncRNAs in PTSD should be studied further and be useful biomarkers or therapeutic targets.
The association between rs6906714 and R-fimbria volume was the most significant finding in this study.
Notably, rs6906714 is also an expression QTL for several genes including PSORS1C1 and PSORS1C2, which are psoriasis susceptibility genes that are expressed in thyroid tissue (Table S2) . Genes associated with autoimmune disorders have been previously associated with PTSD(50); the overlap between stress disorders and immune/inflammatory disorders is an ongoing area of research (51) . We also observed an interaction of rs6906714 with childhood trauma in the discovery cohort, and of rs6906714 with lifetime PTSD in the replication cohort, which is consistent with neuropsychiatric responses to stress that show increased risk of subsequent autoimmune disease (Figure 2)(51) . The second strongest signal was between rs17012755, an intergenic SNP on chromosome 2, and R-fimbria volume. We also observed a significant interaction between this SNP and lifetime PTSD on R-fimbria volume in the replication cohort. Interestingly, in our larger PTSD cohort of over 2000 subjects, we observed nominal evidence for association between rs17012755 and PTSD (19) .
The fimbria is a primary source of input to the dorsal hippocampus, which is a critical element in contextual fear conditioning. Therefore, contextual fear conditioning has become a widely adopted experimental model for studying PTSD (52, 53) . Processing of contextual memories is mediated by robust projections from hippocampal neurons to the mPFC (54) . Connectivity between the hippocampus and the mPFC, which involves the fimbria, are associated with mnemonic and emotion regulation deficits, which are consistent with the clinical presentation of PTSD (52) . Recent evidence suggests that the mPFC directs the retrieval of context-appropriate episodic memories in the hippocampus (38, 55, 56) . Electrolytic lesions to the fimbria in rats produce deficits in fear conditioning to contextual stimuli. The deficit in freezing, following dorsal hippocampus and fimbria lesions, is evident on both the conditioning day and the delayed extinction test(57).
Indeed, contextual fear deficits in rats with hippocampal damage are equivalent following lesions to either fimbria, dorsal hippocampus, or entorhinal cortex (57) . In addition to contextual fear conditioning, the fimbria plays an important role in spatial memory, which enables rats to learn the location of both a visible and hidden/submerged platform in the water maze task (58) . However, rats with lesions to the fimbria learned to swim to the visible platform but were unable to navigate to the submerged platform in the same location(59,
60).
The most significant effects in both discovery and replication cohorts involved R-fimbria volume. Deficits in contextual processing are considered to be representative of PTSD because intrusive memories and perceptions are experienced outside of the trauma context. Our finding that exposure to child trauma is a potent environmental exposure that interacts with genetic markers to influence brain structure is consistent with our recently published multi-cohort study in 1,868 subjects, which demonstrated childhood trauma exposure has a negative association with hippocampal volume but was not significant if PTSD was added as a covariate(3). Our finding underscores the uniquely deleterious role of trauma during childhood, which is a critical neurodevelopmental time period (61) .
Strengths and Limitations
The current work supports the value of imaging genetic studies. Our study was focused on hippocampal subfields, given its potential relevance to PTSD. We observed several strong associations, at least one of which demonstrated replication in an independent data set. However, our study is not without limitations. Due to the modest sample size of both the discovery and replication cohorts utilized, we lack statistical power to detect associations with small effect sizes of main effects as well as SNP x PTSD and SNP x childhood trauma interactions. As such, we restricted our investigation of interactions to only those SNPs which demonstrated a main effect with hippocampal subfield volume. In the near future, we plan to interrogate dramatically larger data sets accessed through worldwide consortia to ascertain these important interactions on a genome-wide scale (62) .
One of the significant associations in our discovery cohort was confirmed in our replication cohort. However, the other nine discovery associations were not significant in the replication cohort. There are many reasons for this, the most likely being differences in population structure. The discovery cohort had nearly equal proportions of European Americans and African Americans, while the replication cohort was entirely African
American. As such, the allele frequencies of the significant SNPs differed between the two cohorts, and in one case(rs2553974), the minor allele was reversed entirely. Other reasons for lack of replication could be cohort differences in trauma type and male/female ratio. The discovery cohort was comprised of military veterans while the replication cohort was entirely civilian, which could impact the ability to detect PTSD interactions.
Nevertheless, we are encouraged that one association replicated despite differences between cohorts, which underscores the robustness of the underlying biological processes at play.
Conclusion
Variation in the volume of fimbria, CA1, hippocampal amygdala transition area, and subiculum subfields is at least partially controlled by genetic factors as well as the interaction of genetics and environmental exposure to trauma. These findings provide new avenues for understanding neural circuits that are implicated in contextual fear conditioning and other established behavioral models of PTSD. Ultimately the promise of finding genetic determinants of PTSD is that they signal the presence of etiologic pathways for targeted. Attempts to find disease-associated genetic variation that point to molecular mechanisms of pathogenesis has proven challenging due to the polygenicity of clinical phenotypes (63, 64) . Leveraging neuroimaging phenotypes may offer a shortcut over clinical phenotypes in identifying these elusive genetic markers and relevant neurobiological pathways (62, 65) . 
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